For real-time load monitoring, we present a new smart lighting protection skin using resistive touchpad techniques that covers measuring objects with a flexible sheet composed of multiple tiny sensors. We measured loading from off-plate direction, including quasi-static indentation and dynamic impact. We believe our method is suitable for load monitoring of composite aircraft structures. A metal film or mesh coving the fiber composite components of our system acts as both the load sensor and wiring, and a lightning protection shield (LPS). The sheet consists of an upper LPS layer and a lower layer, with multiple pressure-sensitive elastomer pills arranged between layers. The lower layer is a grid consisting of high-electrical-resistance nichrome wires and low-resistance copper wires. The pressure-sensitive pill becomes conductive when compressed. When the sensor sheet is indented, a compressed pill creates a new electrical path between the two layers and the electrical potential equalizes at that point. This event triggers the application of a potential across the nichrome wires that form the x axis, enabling measurement of the x coordinate. The orthogonal potential gradient is then applied to the lower layer so that the y coordinate can be measured. The x and y coordinates are recorded quickly and describe the quasi-static load point with an error of 29 mm or less. Additionally, we can estimate the peak value of the impact load by measuring the electrical resistance of the pressure-sensitive pill with an error of 17 %.
Introduction
When damage occurs to a structural component from an unexpected load such as impact of something, an indentation load must occur on its surface. It would be helpful if this indentation was detected immediately. Fiber composite components of aircraft are covered with a thin metal mesh or film (usually copper or aluminum) of approximately 0.3 mm in thickness which provides lightning protection to the aircraft as shown in Fig. 1 (Dexmet corporation, 2014 , Kawakami and Feraboli, 2011 , Feraboli and Miller, 2009 , and Boeing, 2014 . Using resistive touchpad techniques (Cok, et al., 2004 , Downs, 2005 , and Stetson, 2006 , we devised an in-situ method for estimating the position and force of the load by inserting pressure-sensitive materials between this lightning protection shield (LPS) and the component. The LPS, in addition to providing protection from lightning, also becomes an integral part of the load sensor circuitry. There have been few studies that discuss the repurposing of LPSs (Suzuki, et al., 2012a (Suzuki, et al., , 2012b . Our proposed system is a thin flexible sheet less than 3 mm thick that can be attached to a curved surface. It requires no special equipment, uses a limited number of DC power supplies and voltage sensing equipment, and can be replaced if broken.
Carbon fiber reinforced plastic (CFRP) exhibits many advantages over metallic material, including corrosion resistance, lower weight, and superior mechanical properties such as specific strength and specific stiffness. CFRP is used as a structural material in commercial aircraft to improve cruising range and fuel efficiency by reducing aircraft weight. For example, the Boeing 787 Dreamliner, which has been in service since November 2011, uses 50% CFRP by weight. The reliability of structural damage inspections where CFRP is used has become important.
Delamination is a serious mode of damage for fiber reinforced plastic (FRP) structures. In laminated FRPs, impact load from off-plate direction can cause layers to separate with significant loss of mechanical strength (Alderson and Evans, 1992 and Kondo, et al., 2007) . Delamination in aircraft structures can be caused by low-velocity impacts such as bird strikes, hail, runway debris, or dropped tools. Ultrasonic (Cantwell and Morton, 1985 and Scarponi, 2000) and infrared thermography (Bates, et al., 2000 and Vijayaraghavan, et al., 2010) inspections are used as delamination racking is difficult to detect visually. However, these methods are time-consuming and require taking the aircraft out of service.
The flexible sensor sheet in this study can detect the position and extent of out-of-plane loading in large FRP structures quickly and at low cost. It cannot detect internal damage to the structure of the aircraft, so detailed inspection of the area in question using other methods such as ultrasound or electrical resistance are required (Suzuki, et al., 2012a , 2012b , Suzuki, et al., 2011a , 2011b , and Todoroki, et al., 2005 . This localization of inspection can save a significant amount of time. It becomes possible to inspect large structures such as aircraft components rapidly at low cost by dividing the inspection method into two stages: our proposed method, which quickly locates areas of potential damage and a detailed inspection for internal damage is conducted by another method. Inspection of composite aircrafts after every flight would reduce the environmental load and improve flight safety and economic efficiency (lowest possible factor of safety for each component, high fuel efficiency). Details of the proposed multi-functional sheet are presented in Section 2. Detailed experimental procedure and results of the accuracy of position and value experiments of loading are presented in Sections 3, 4, respectively. We conducted both quasi-static indentation and falling weight impact tests for the load identification. Fig. 1 Schematic of the proposed sensor sheet that has two functions: lightning protection; and load sensor (Boeing, 2014) . Suzuki, Y., Suzuki, T., Todoroki and Mizutani, Mechanical Engineering Journal, Vol.1, No.4 (2014) 
Principle of load identification 2.1 Configuration of the sensor
The proposed sensor sheet consists of the following four layers (Figs. 1-3): ・ Layer 1 is a flexible copper mesh (Fig. 1) , acting as both LPS and signal path between pressure-sensitive materials and LCR meters (electrical resistance measuring instruments). ・ Layer 2 is a nonconductive silicone rubber sheet acting as load support and insulator between Layers 1 and 3 (Fig.   3 ). ・ Layer 3 is a grid of nichrome and copper wires (Fig. 3) . ・ Layer 4 has the same configuration as layer 3 but it is rotated by 90 degrees (Fig. 3) .
Quantum tunneling composite (QTC) pressure-sensitive pills, which are silicone pills with multiple nano-sized conductive particles and sharp thorns on these particles, are arranged between layers 3 and 4 at the intersection points of the copper wires (Fig. 3) . The QTC pill has been developed for practical application of switching and sensing systems by Peratech Ltd., Darlington, UK (Peratech Ltd., 2014) . The thorn surfaces are covered with an insulating film, which allows the conductive particles to get close but not touch. As shown in Fig. 4 , when the pill is compressed, the distances between the particles in the pill shorten and conducting paths arise between the particles owing to a tunnel effect. As a result, the electrical resistance of a QTC pill decreases sharply and continuously. The pill transforms from an almost perfect electric insulator to a metal-like conductor. The deformation-resistance curve is smooth and repeatable. Flexible load sensors of arbitrary size and shape can be made of the QTC. Therefore, the QTC pill seems to be suitable for inspection sensing systems for an airplane that suffers sharp fluctuations in temperature because it can be made to withstand extreme temperatures limits (from -60 to 250 ℃). Suzuki, Y., Suzuki, T., Todoroki and Mizutani, Mechanical Engineering Journal, Vol.1, No.4 (2014) © 2014 The Japan Society of Mechanical Engineers
Procedure for load identification
The proposed procedure for load identification is schematically illustrated in the following three steps and Fig 
2.2.1
Step 1: Specification of a loaded section in the whole structure Fig. 2 shows a schematic of layers 3 and 4. These conductive layers, explained in 2.1 above, are arranged in rectangles orthogonal to each other, named 1, 2, 3, etc. and A, B, C, etc. For example, section 2C occurs where rectangles 2 and C overlap. When an indentation load is applied to section 2C, rectangle 2 has electrical contact with rectangle C. By applying a unique voltage to each rectangle in layer 4, the voltage of rectangle 2 becomes equal to that of rectangle C, identifying 2C as the indented section. Current flows between the two rectangles only when a physical load causes the rectangles to make electrical contact with each, otherwise power is not consumed.
Step 2: Estimation of the exact position of loading after specifying the loaded section
After identifying the loaded section, a more precise position for the load is estimated using resistive touchpad Suzuki, Y., Suzuki, T., Todoroki and Mizutani, Mechanical Engineering Journal, Vol.1, No.4 (2014) techniques (Cok, et al., 2004 , Downs, 2005 and Stetson, 2006 . Only the specified section, 2C in this case, needs to be investigated. The task of position estimation is divided into two steps: specification of the loaded section and estimation of the exact position in the specified section. This two-stage method results in a high degree of accuracy over large areas such as those of aircraft components. Fig. 6 shows the gradient of electrical potential along the x direction when applying a voltage of 1 volt to the two nichrome wires of layer 4. Voltage drop along the nichrome wires results in a different potential applied to each copper wire, which has equal potential along its length. This occurs because the resistance of nichrome wire is much higher than that of copper. When the sheet is indented, a compressed QTC pill provides a new electrical path between layers 1, 3, and 4 at the load point. This results in the potential of layer 1 equaling that of layer 3 as shown in Fig. 7 . Fig. 7(a) is a no-load condition with no contact between layers 1, 3, and 4; layer 1 has no potential applied. When the sensor is indented, layer 1 bends and touches a copper wire in layer 3. If the load is smaller than the threshold value, the QTC pill under the loading point remains nonconductive as shown in Fig. 7(b) . If it exceeds threshold, the pill becomes conductive as shown in Fig. 7 (c) and layers 1, 3 and 4 then have the same voltage potential. The x gradient described above can then be measured, resulting in an accurate reading for the x coordinate. Ordinary voltmeters, connected in parallel when measuring, have a high internal resistance and do not affect the reading of a compressed QTC pill, which has a much lower resistance.
Once x has been obtained, layer 4 voltage is removed and a potential difference of 1 volt is applied between both ends of layer 3. Linear potential gradient along the y axis is then measured on layer 1.
Step 3: Estimation of value of load
The schematic diagram for our system, which estimates the value of a load, is shown in Fig. 8 . The electrical resistance between layers 1 and 4 is measured. Measured resistance (Rm) is the sum of the resistance of layer 1 (R1), and layer 4 (R4) and that of the QTC pill at the load point (Rq). R1 and R4 can be calculated from the position of the load point. Therefore, Rq can be determined from Eq. (1).
Because Rq decreases monotonically with increasing load, indentation load can be estimated.
Advantages over other inspecting methods
Compared with other inspecting methods, the advantages of the proposed method are the following: ・ There is no need to constantly poll individual sensors across the structure. Load can be measured within a few milliseconds. There is no current flow or power consumption unless a load is applied. The entire structure can be monitored in real-time regardless of its size. These factors result in low cost. ・ The LPS performs three roles: lightning protection, load sensor, and wiring. This suppresses structural weight increase and keeps wiring to a minimum. Suzuki, Y., Suzuki, T., Todoroki and Mizutani, Mechanical Engineering Journal, Vol.1, No.4 (2014) ・ The sensor sheet is affixed to the structure surface. The mechanical properties of the object being measured are not affected as drilling, or otherwise embedding foreign material under the surface, is not required. Surface mounting makes replacement much easier. ・ The proposed sensor can monitor impact and indentation load on a structure regardless of shape or construction material.
Experimental procedure
This section explains experimental procedure for testing the practical feasibility of the proposed load identification technique. Note that we conducted no experiments under repeated loading because it is unlikely that a load occurs multiple times on the exact same position in a large structure of an airplane.
Quasi-static compression test for a QTC pill
The relationship between resistance and compression deformation of a QTC pill, which is 1.8 mm × 1.8 mm × 1.0 mm in size, was examined by conducting a compression test. The schematic of the experimental setup is shown in Fig.  9 . The upper and lower jigs were covered with a Teflon sheet for electrical isolation. Copper tape was attached to both jigs, and then a QTC pill was put between them. The pill was compressed by applying a static load using a universal testing machine (Autograph AG-I/100kN, Shimadzu Co., Kyoto, Japan) at the cross-head speed of 0.04 mm/min. During the test, the electrical resistance between the two copper tapes was measured by a meter (LCR meter, model 3522-50, HIOKI, Nagano, Japan).
Quasi-static indentation test for the load identification 3.2.1 Load position
The practicality of the proposed load identification method was verified. The schematic of the system used for load identification is shown in Fig. 10 . The total thickness of the sensor sheet was less than 3 mm. We conducted a quasi-static indentation test with the Autograph. A hemispherical indenter of 15.9 mm diameter was set on top of the 4-layer sensor sheet just above a QTC. The silicon rubber is twice as thick as the QTC and the distance between the QTC and copper mesh is 1 mm as shown in the enlarged cross-sectional view of Fig. 10 . The diameter of a circular hole of the silicone rubber sheet is 3.5 mm and much smaller than that of the indenter. Therefore, the silicon rubber around a QTC is compressed to half of the original thickness when an indentation load causes the copper and QTC to make electrical contact with each other, which prevents a low indentation such as regular aerodynamic loading during flight from making the contact. In general, aerodynamic load on commercial aircraft during flight is very small (a few Fig. 10 Schematic and physical layout of the test system used for load identification.
Suzuki, Y., Suzuki, T., Todoroki and Mizutani, Mechanical Engineering Journal, Vol.1, No.4 (2014) newtons). Therefore, adhesion between the silicon rubber sheet and the copper wires would not be easily separated even when the aerodynamic load is repeated. In addition, if necessary, a thin flexible film with embedded copper wires can be inserted under the silicon rubber sheet instead of adhesion (Lin, et al., 2001 ) in order to enhance the sensor's durability.
Layer 1 voltage potential was measured with an electrometer (PCD-300A, Kyowa Electronic Instruments Co, Ltd, Japan) at a constant static load of 0.4 kN when applying 1 V across the ends of layer 4 with a stabilized DC power supply (PW18-1.3AT, Kenwood, Japan). It was assumed that voltage drop across a nichrome wire was linearly proportional to the x coordinate. The potential of layer 1 was measured and the x coordinate of the loading point was calculated. The potential of layer 1 was measured again for estimation of the y coordinate after voltage to layer 4 was removed and a voltage of 1 volt was applied across the ends of layer 3. Layer 1 was grounded through a resistor of 200 kΩ and the voltage is measured across it. This resistance is so much larger than the compressed QTC pill that voltage drop across the pill does not decrease the estimation accuracy of the load position.
This test was repeated for each of the nine QTC pills in the sensor as shown in Fig. 10 . Comparison of the actual and estimated load positions is discussed in the next section.
Load value
We proposed to estimate the value of loading applied to the sensor sheet by using a load-resistance curve that is previously obtained. At first, we measured the relationship between the resistance of a QTC pill in the sensor, Rq and the value of the quasi-static indentation load when the sensor sheet was indented with a hemispherical indenter of 15.9 mm diameter. The indenter was set on the surface of layer 1 (copper mesh) above the central QTC pill and indented at a cross-head speed of 0.05 mm/min. The resistance between layers 1 and 4, Rm was measured by the LCR meter. The resistance of the QTC pill (Rq) was calculated by substituting Rm into Eq. (1). The value of load was measured by the Autograph.
From the load-resistance curve thus obtained, value of an indentation load can be calculated. To test the practicality of the proposed estimation scheme, a quasi-static indentation load of 0.25 to 0.4 kN was applied to the surface of layer 1 above a QTC pill. During the test, Rm was measured by the LCR meter.
Impact test for the load identification
Falling weight tests were conducted to verify the feasibility of identifying impact loads using the proposed sensor. The test impactor consisted of a long dart with a hemispherically shaped headstock 12.7 mm in diameter dropped through a guide as shown in Fig. 11 . The impact energy was calculated by multiplying the total mass of the impactor by the drop height. A biaxial strain gage (KFG-2-120-D16-16, Kyowa Electronic Instruments Co, Ltd, Japan) was mounted on the impactor surface for estimating value of impact loading. The gage was 30.85 mm from the impact Fig. 12 Measured relationship between compression deformation and resistance of a QTC pill. Fig. 11 End part of the impactor and strain gage attached on the surface used for the falling weight impact test.
point. The load-strain curve of the gage was previously obtained so that value of loading on the impactor can be estimated with high accuracy using the strain gage resoponse. Consequently, we can compare the proposed sensor response with the strain gage.
Load position
The sensor sheet was impacted in the center by dropping a mass of 3.19 kg from a height of 100 mm with an impact energy of 3.13 J. The potential of layer 1 as shown in Fig. 10 was measured and only the y coordinate of the loading point was calculated in the same way presented in Section 3.2.1.
Load value
The sensor sheet was impacted in the center by dropping a mass of 1.35 kg from a height of 10 mm with an impact energy of 0.132 J. If the sensor can detect such a small impact, the practical feasibility is regarded as enough high. The Suzuki, Y., Suzuki, T., Todoroki and Mizutani, Mechanical Engineering Journal, Vol.1, No.4 (2014) 
Characterization and results

Quasi-static compression test for a QTC pill
The measured resistance-displacement curve of the QTC pill is shown in Fig. 12 . The vertical axis is the logarithmic resistance and the horizontal axis is the compression deformation in mm. When a static load of 60 N was applied to the pill, the compression deformation increased to 0.173 mm and its resistance fell to 1.66 Ω from approximately 10 7 Ω.
Identification of quasi-static loading 4.2.1 Load position
The actual and estimated positions of the quasi-static loads are shown in Fig. 13 . Table 1 presents that the average and standard deviation values of the error in distance between the actual and estimated load positions are 9.05 mm, 8.33 mm, respectively. The maximum error occurred when x = 150 mm and y = 10.0 mm. The estimated load position was x = 174 mm and y = 26.4 mm; therefore, the resultant error was 29 mm. Such a small error is not prohibitive to practical use because the objective of this process is in identifying the load position (i.e., areas of potential damage) not detecting internal damage in the structure. Another method is used for detailed inspection of damage subsequently. Consequently, the detailed inspection needs to be conducted for only a circular area with a radius of 30 mm or longer centering at the estimated load position. It is likely that layer 1 did not reach the same potential as the lower layers because electrical contact between layer 1 and copper wires at the load point was not sufficient enough. We believe the imperfect contact resulted in potential drop across the contact resistance between layer 1 and the copper wires. Consequently, the potential of layer 1 was smaller than the accurate value, which made the estimated position coordinates of the load smaller than the actual ones.
Load value
Fig. 14 shows the results of the prior experiment which prepared the load-resistance curve for estimation of an indentation load applied to the sensor sheet. The electrical resistance of a QTC pill in the sensor (Rq) smoothly decreased as the sensor sheet was indented with the hemispherical indenter up to a maximum load of 0.5 kN. The threshold value for detection of load was 196 N. In other words, the sensor sheet is designed to detect only >196 N of loading. This is because we should not detect a lower than 196 N of load (such as aerodynamic loading during flight of approximately a few newtons) that does not cause damage to the structure. Naturally, the threshold value can be easily Suzuki, Y., Suzuki, T., Todoroki and Mizutani, Mechanical Engineering Journal, Vol.1, No.4 (2014) changed by using a different thickness of silicon rubber which supports the load applied to the sensor. Note that the values of the indentation load as shown in Fig. 14 were much higher than those of the compression test for the QTC pill as shown in Fig. 12 and discussed in section 4.1. As a reason for that, the silicon rubber sheet was inserted into the sensor for supporting most of the load applied to the sensor. When the QTC pill in the sensor was compressed, the surrounding rubber sheet was also simultaneously compressed. Conversely, Fig. 12 presents the relation between the electrical resistance and compression deformation of the QTC when a compression load was directly applied to the pill. Therefore, the resistance of the pill quickly decreased to several ohms when applying a low compression load of 60 N. Fig. 15 presents the relationship between the estimated and actual values of quasi-static indentation load when applying the actual load of 0.25 to 0.4 kN to the sensor sheet. The estimated values were calculated from Rq using the relationship between load and electrical resistance (Fig. 14) . The estimated load was between 84% and 112% of actual. Again, the maximum error of 16% is not prohibitive for practical application because the objective of the proposed method is detecting areas of potential damage quickly at low cost. Other subsequent inspections such as ultrasound tests are used to reveal the mode, size, and shape of the damage caused by the detected load. Fig. 16 presents the results of estimating position of loading when the sheet was impacted in the center. The rhombuses show the actual value of loading calculated from the strain of the impactor. The triangles present the y coordinate of the impact point estimated by the proposed sensor. The estimated y coordinate started to rise a few ten microseconds behind the strain gage response. Then the y coordinate was kept at a nearly constant value of 49.5 mm during loading. Since the actual position was y = 50 mm, the error was 0.5 mm.
Identification of impact loading 4.3.1. Load position
Load value
The results of identifying the value of impact loading are shown in Fig. 17 . The rhombuses present the load value and the triangles indicates the resistance of a QTC pill in the sensor, Rq. The peak value of loading was calculated from the minimum value of Rq using the load-resistance curve as shown in Fig. 14. Compared to the actual peak value of 0.30 kN, the estimated value was 0.25 kN and the error was 17 %.
Conclusion
This paper proposed a new system to measure the position and force of a load using touch-sensitive sensors made up of pressure-sensitive elastomer pills. These sensors could be used to monitor the structural health of composite aircraft structures. A copper mesh sheet used in the system can act both as lightning protection and as part of the wiring of the sensor, leading to overall reductions in weight and thickness (volume) of the entire sensor system. The feasibility of load detection and identification using the proposed method was investigated by static indentation testing. The position of the load was estimated with a maximum error of approximately 29 mm, and the value of the load was estimated with a maximum error less than 16%. These errors are small and will not limit the system in practical use since the objective of the proposed method is in identifying areas of potential damage. Another subsequent method is used for detailed inspection for internal damage. The detailed inspection needs to be conducted only for a circular area with a radius of 30 mm or longer centering at the estimated load position. As the result of the quasi-static indentation test, the threshold value for detecting a load applied to the sensor was 196 N. In other words, the sensor sheet is designed not to detect a lower than 196 N of load (such as aerodynamic loading during flight of approximately a few newtons) because this low force does not cause damage to the structure.
Additionally, we conducted falling weight impact tests and revealed that the sensor can estimate the peak value of the impact load by the proposed sensor with an error of 17 %. The error of estimating position of the impact was 0.5 mm.
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